Pro-inflammatory cytokines such as IL-1b, IL-6 and TNF-a are central regulators of autoinflammatory diseases. While targeting these cytokines has proven to be a successful clinical strategy, the long-term challenges such as drug resistance, lack of efficacy and poor clinical outcomes in some patients are some of the limitations faced by these therapies. This has ignited strategies to reduce inflammation by potentially targeting a variety of molecules, including cell surface receptors, signalling proteins and/or transcription factors to minimize cytokine-induced inflammation and tissue injury. In this regard, transforming growth factor b activated kinase 1 (TAK1) is activated in the inflammatory signal transduction pathways in response to IL-1b, TNF-a or toll-like receptor stimulation. Because of its ideal position upstream of mitogen-activated protein kinases and the IkB kinase complex in signalling cascades, targeting TAK1 may be an attractive strategy for treating diseases characterized by chronic inflammation. Here, we discuss the emerging role of TAK1 in mediating the IL-1b, TNF-a and toll-like receptor mediated inflammatory responses in diseases such as RA, OA, gout and SS. We also review evidence suggesting that TAK1 inhibition may have potential therapeutic value. Finally, we focus on the current status of the development of TAK1 inhibitors and suggest further opportunities for testing TAK1 inhibitors in rheumatic diseases.
Introduction
Inflammation is the body's first response to damage from physical injury, foreign bodies or xenobiotics. In a physiological situation, inflammation is a hallmark of the repair of damaged tissue and the process resolves once the repair is complete. However, chronic inflammation can eventually result in a degree of tissue damage that cannot be repaired. Chronic inflammation is characteristic of many diseases including autoimmune conditions and cancer. In the development of anti-inflammatory therapeutics, a reasonable goal is to develop agents that are effective for a range of inflammatory diseases.
Mitogen-activated protein kinases (MAPKs) are an evolutionarily conserved family of signalling kinases that mediate many cellular processes such as proliferation, differentiation and inflammation. They elicit their response through a series of phosphorylation steps that engage a cascade of kinases in cell signal transduction pathways [1] . One of these kinases within the MAPK family is transforming growth factor b-activated kinase-1 (TAK1). This MAPK family member was found to be activated by TGF-b and bone morphogenetic protein in yeast studies [2] . Deleting TAK1 results in embryonic lethality, indicating that TAK1 also plays a role in normal developmental processes [36] . Using conditional knockouts, TAK1 was shown to also have an important role in the immune responses, including the production of inflammatory cytokines such as IL-6 and IL-8 [711] . Almost a decade after its initial discovery, TAK1 is now known to be intimately involved in the IL-1b, TNF-a and toll-like receptor (TLR) signal transduction pathways, all of which are critical for a range of diseases associated with inflammation [1214] .
This review focuses on summarizing the emerging pathological role that TAK1 plays in numerous autoinflammatory and/or autoimmune diseases. We also highlight the potential of targeting TAK1 in the treatment of specific autoimmune diseases such as RA, OA, type I diabetes, SS and gout. We then highlight the current status and potential future applications of TAK1 inhibitors for use in the clinic.
Is TAK1 a key mediator in pro-inflammatory cytokine-driven signalling pathways?
TAK1 is a key cellular signalling molecule due to its position in the hierarchy of the IL-1b, TNF-a and TLR signalling cascades. Ligand-receptor binding introduces conformational changes in the transmembrane domains of cytokine receptors that alert signalling proteins proximal to the cellular membranes such as myeloid differentiation primary response gene 88 (MyD88) or TNF receptor-associated death domain (TRADD) to relay the signalling message. In a subsequent step, an E3 ubiquitin ligase family member, TNF receptor-associated factor (TRAF) 2 or 6, facilitates dissociation of the signalling complex from the receptor and its translocation to the cytoplasm to recruit and activate TAK1 [15, 16] . TRAF2 or TRAF6 undergoes K63 mono-or polyubiquitination in order to execute TAK1 activation at threonine 184/187 residues. This results in downstream phosphorylation of MAPK kinase (MKK) 3/6 and 4/7 to activate p38 and c-Jun N-terminal kinase (JNK) pathways, and inhibitor of nuclear factor-kB (IkB) kinase activation leading to IkBa degradation and nuclear factor-kB (NF-kB) activation [12, 17] .
TAK1 activation requires association with TAK1-binding protein (TAB) 1 or 2. TAB1 homologues TAB2 and TAB3 bind in the same region of TAK1; however, TAB2 has been shown to mediate this activation process rather directly activating TAK1 [18, 19] . When TAB binds to TAK1, a conformational change occurs allowing an adenosine triphosphate (ATP) molecule to bind to TAK1. This conformation change also induces TAK1 autophosphorlyation at Thr184, Thr187 and Ser192 residues [20, 21] . However, phosphorylation of these residues is not required for TAB1 to bind to TAK1. On the other hand, a 30 amino acid sequence within TAB1/2 contains an a-helix that is centred on residue Phe484. Using a crystal structure analysis, Brown et al. showed that the a-helix region ensures correct alignment of aromatic residues of TAB1 with the hydrophobic binding pocket in TAK1. This study also showed that Phe484 is a critical amino acid for the TAKTAB1 association due to its lipophilicity, thus stabilizing the TAKTAB interaction [22] . TAB1 binding to TAK1 promotes the autophosphorylation of Ser192, which resides in the kinase activation loop. Upon removal of this residue, TAK1 is no longer able to autophosphorylate, thereby eliminating its kinase activity [23] .
TAK1 activation also requires association with TNF receptor associated factors (TRAFs), a family of E3 ubiquitin ligases. There are seven members of the TRAF protein family all of which contain a RING finger domain. The RING domain is characterized by a series of cysteine and histidine residues capable of binding zinc and activating downstream signalling proteins [24, 25] . In TNF-a signalling, TNF receptor-associated death domain recruits TRAF2 or TRAF5. However, neither TRAF2 nor TRAF5 directly activates TAK1. Instead, TRAF2 and TRAF5 promote polyubiquitination of receptorinteracting protein 1 (RIP1), which initiates TAK1 activation [15] .
In IL-1b and TLR signalling, TRAF6 is recruited and directly activates TAK1. Ubc13/Uev1A (also known as TRIKA1) is an E2 ubiquitin-conjugating enzyme that binds to TRAF6 and, in most cases, works together with E2 ligases to add ubiquitin to a substrate protein.
However, in this case, Ubc13/Uev1A binding with TRAF6 results in its K63 autoubiquitination at Lys124 [16, 18] . Unlike K48 polyubiquitination that targets proteins for proteasome degradation, K63 polyubiquitination is involved in signalling functions including kinase activation [18] .
Once the TABTAKTRAF complex forms, TAK1 becomes mono-and polyubiquitinated at Lys34 [26] . There are other reports of TAK1 getting polyubiquitinated at Lys158 as well. The critical binding site remains unknown since mutating either lysine results in loss of TAK1 activation [26, 27] . The TABTAKTRAF complex goes on to mediate NF-kB signalling by the degradation of IkBa by IkB kinase activation, or by activator protein 1 (AP-1) activation through MAP kinases in the same manner in IL-1b, TNF-a and TLR signalling [28, 29] .
The IL-1b, TNF-a and TLR signalling pathways result in the activation of MAPK and NF-kB pathways, which in turn results in the production of inflammatory cytokines. Interestingly, a brief analysis of each pathway underlines the importance of TAK1 as a central signalling molecule in cytokine signalling networks (Fig. 1) . Therefore, TAK1 dysregulation may have considerable impact on the pathogenesis of chronic inflammatory diseases, and thus may serve as a potential therapeutic target for such diseases.
TAK1 in chronic inflammatory diseases
TAK1 in RA RA is a chronic inflammatory disease characterized by hyperplasia of the synovial lining, which results in the progressive destruction of cartilage and underlying bone leading to joint dysfunction [1] . Recent findings have provided a better understanding of the pro-inflammatory cytokine-initiated molecular mechanisms that govern RA pathogenesis and a firmer rationale for developing novel targeted therapies [2] . The treatment regimen for RA has dramatically shifted from monotherapies involving DMARDs to combinations of DMARDs and highly targeted biologics such as anti-TNF, anti-IL-6R, anti-CD20 and CTLA4-Ig. While these pharmacological advances have advanced the treatment of RA, there continues to be partial or non-responders to some or even all of these www.rheumatology.oxfordjournals.org therapies, and various adverse events associated with their long-term use [30] . While the rheumatology community currently relies on the success of these biologic therapies, the introduction of a pan-Janus kinase inhibitor, tofacitinib, has brought small-molecule therapeutics that inhibit signal transduction into prominent focus as a novel and distinct approach to the treatment of RA [31] .
Recent studies suggest that TAK1 plays a critical role in inducing cartilage and bone destruction via its downstream signalling molecules such as JNK, p38 and NF-kB, which are involved in pro-inflammatory cytokine signalling [32] . A study by Hammaker et al. [33] showed TAK1 as one of the dominant MAP3K involved in JNK activation in RA fibroblast-like synoviocytes (FLSs). A knockdown of TAK1 in RA-FLSs was effective in inhibiting IL-1b-induced AP-1 activation, matrix metalloproteinase (MMP) 3 expression and IL-6 production. Another interesting study in RA-FLSs provides evidence that IL-1, TNF and TLR2, but not TLR4, mediated signalling is dependent on TAK1 [34] . An epistasis analysis in the study by Gottar-Guillier et al. [35] showed that small interfering RNA (siRNA) knockdown of the tyrosine kinase bone marrow kinase on chromosome X (BMX), which is downstream of TAK1 in the inflammatory signalling pathways, inhibited IL-8 production in primary human endothelial cells. In addition, BMX-deficient mice were protected from K/BxN serum-induced arthritis. The proposed possibility of BMX working with assistance from the TAK1TAB1 complex points to a potential role of TAK1 in RA pathogenesis.
We recently provided a novel molecular insight regarding the post-translational mechanisms involved in IL-1 signalling in RA-FLSs [36] . We showed for the first time that inhibition of TAK1, but not IL-1 receptorassociated kinase (IRAK) 1 or TRAF6, completely abrogated IL-1b-induced IL-6 and IL-8 production in human RA-FLSs. Our findings also highlighted the role of ubiquitination in cytokine signalling networks in RAaffected cells. K63-linked autoubiquitination of TRAF6 was shown to be an essential step in inducing TAK1 kinase activity, and the inhibition of TAK1 phosphorylation at Thr184/187 was able to suppress downstream inflammatory mediators in RA. Using the rat adjuvantinduced arthritis model of inflammatory arthritis, we showed that K48-linked polyubiquitination and TAK1 phosphorylation were significantly upregulated with the severity of arthritis. The administration of epigallocatechin-3-gallate (EGCG), a potent anti-inflammatory molecule shown to selectively inhibit TAK1 activation in RA-FLSs, ameliorated arthritis in the treated rats. These findings provide evidence that TAK1 is a central regulator of cytokine signalling networks in RA and that therapeutic strategies that inhibit TAK1 involvement may therefore be beneficial in the treatment of RA.
FIG. 1 IL-1b, TNF-a and TLR signalling pathways all converge at TAK1
TAK1 is a central signalling molecule. IL-1b, TNF-a and TLR signalling pathways all result in TAK1 activation and transcription of pro-inflammatory mediators. A brief summary of each pathway is illustrated above. Both IL-1 and TLR signalling use MyD88 in order to activate TRAF6, which undergoes K63 polyubiquitination. In TNF-a signalling, TRAF2 or TRAF5 is K63 polyubiquitinated. Despite different TRAFs being activated, they all result in TAB1/2 activation, which recruits TAK1. Upon ubiquitination, TAK1 phosphorylates its downstream targets, the MKKs and IKKs, resulting in IL-6, IL-8 and TNFa production. TAK1's central role in these three pathways makes it a prime candidate as a druggable target to reduce the overall inflammatory response in order to treat diseases characterized by chronic inflammation. AP-1: activator protein 1; IKK: IkB kinase; IRAK: interleukin-1 receptor-associated kinase; K63-UB: ubiquitination at lysine residue at 63rd position; LPS: lipopolysaccharide; MKK: MAPK kinase; MyD88: myeloid differentiation primary response gene 88; TAB: TAK1-binding protein; TAK1: transforming growth factor b activated kinase 1; TLR: toll-like receptor; TNFR: tumour necrosis factor receptor; TRADD: TNF receptor-associated death domain; TRAF: TNF receptor-associated factor.
TAK1 in OA OA is the most common form of arthritis and is characterized by local inflammation coinciding with progressive cartilage destruction and bone remodelling. IL-1b has been shown to lead to the destruction of cartilage, resulting in the development of IL-1 blocking therapies for the treatment of OA [37] . This IL-1b effect is mediated by a class of matrix degrading collagenases (MMP-1, -3, -8 and -13). In particular, studies suggest MMP-1 and -13 have higher affinity to degrade the triple helical structure of collagen, thereby accelerating extracellular matrix degradation, proteoglycan release and induction of chondrocyte apoptosis [38] . In this regard, Klatt et al. showed that TAK1 is expressed in human knee cartilage and hypertrophic chondrocytes of the epiphyseal growth plate, suggesting a role for TAK1 in cartilage catabolism. Inhibition of TAK1 in SW1353 cells markedly reduced IL-1b-induced MMP-13, MMP-1 and TNF-a expression [39] . The results of these studies are further supported by another study where suppressor of cytokine signalling 1 (SOCS1) inhibited IL-1b-induced production of MMP-1, MMP-3 and MMP-13 in both SW1353 cells and primary human chondrocytes by downregulating TAK1 expression [32] .
Oxidative stress in the OA joint has been shown to contribute to persistent pain, inflammation and progressive loss of cartilage [40] . Reactive oxygen species (ROS), mechanical overloading and a pro-inflammatory cytokine milieu in the joint leads to unwanted extracellular matrix remodelling, DNA damage and chondrocyte apoptosis [10] . While TAK1 has been shown to play an essential role in the morphogenesis, growth and maintenance of cartilage via bone morphogenetic protein signalling [41, 42] , TAK1 also mediates ROS-and collagen type II-dependent induction of inflammatory gene cyclooxygenase-2 (Cox-2) expression and prostaglandin E2 production [43, 44] . Cox-2 overexpression is particularly evident in vascular endothelial cells, infiltrating mononuclear inflammatory cells and FLSs in patients with OA, and is further upregulated in the presence of IL-1b and TNF-a thereby further enhancing prostaglandin production [45] . A study done by Onodera et al. [44] connects TAK1 with ROS by showing that H 2 O 2 was able to activate Cox-2 in bovine FLSs as evident by induced p38, extracellular signal-regulated kinase (ERK) and NF-kB expression, in a process that was directly mediated through TAK1 activation via Thr184/187 phosphorylation. These studies provide evidence of the importance of TAK1 in OA and suggest that TAK1 inhibition may be beneficial in OA by limiting the role of multiple inflammatory mediators in disease progression.
TAK1 in gout
Gout is one of the most severe and common arthritides, and is characterized by the deposition of monosodium urate crystals in musculoskeletal tissues, most commonly in joints of the foot. As a result of crystal deposition, the recruitment of neutrophils and monocytes to phagocytose the insoluble crystals triggers robust activation of the inflammasome, an intracellular protein complex that drives pain, swelling and inflammation of the affected joint [46] . Activation of the inflammasome further initiates the maturation and release of IL-1b through activation of caspase-1, which further amplifies vasodilation, recruitment of additional leucocytes and the production of proinflammatory cytokines and chemokines leading to the acute gout attacks. The management of gout starts with anti-inflammatory treatment such as NSAIDs or colchicine [47] . In addition, urate-lowering therapies such as allopurinol or febuxostat are recommended. However, with the increasing pathological role of IL-1 in gout, treating gout patients with anakinra (IL-1 receptor antagonist), rilonacept (IL-1 decoy receptor) or canakinumab (IL-1b antibody) has also proven effective at reducing inflammation and pain [48] .
Recent studies suggest that IRAK-4, which is an indispensable protein in IL-1 and TLR signalling pathways, could be targeted to manage gout [49] . While this observation has sparked some interest in testing IL-1 signalling inhibitors for the treatment of gout, the lack of molecular mechanisms and the roles played by diverse signalling proteins such as MyD88, IRAK-1/4, TAK1 and TRAF2/6 in the IL-1 signalling pathway in response to monosodium urate crystals has restricted our therapeutic approaches and rationale for targeting IL-1 signalling protein(s) for the treatment of gout. However, a recent study suggests the TAK1JNK pathway plays an important role in regulating NLRP3 inflammasome activation, an observation that may have pathological implication in acute gouty attacks [50] . Furthermore, this observation is experimentally supported by another study that showed that 5Z-7-oxozeanol, an inhibitor of TAK1, was effective in inhibiting caspase-1 activation induced by ATP plus other TLR ligands in THP-1 cells, suggesting that TAK1 is a critical mediator for TLR-sensitized inflammasome activation [51] . Considering that IL-1 inhibitors clinically tested for the management of gout are associated with an increased risk of adverse events [52] , TAK1 may serve as an alternative, clinically valuable therapeutic target in the treatment of gout.
TAK1 in SS
SS is an autoimmune disease characterized by the infiltration of lymphocytes in the salivary and lacrimal glands, resulting in a decline of saliva and tears production. Because of this, many patients develop xerostomia (dry mouth) and keratoconjunctivitis sicca (dry eyes). As in RA, there is no known cure for SS. Therefore, current treatment approaches focus on alleviating symptoms, such as moisture replacement therapies to deal with dryness, and NSAIDs and DMARDs to reduce the inflammatory response. There is also some recent interest in using biologics to treat SS [53] .
Recent studies have elucidated the involvement of IL-1 signalling in SS [54] . Indeed Vijmasi et al. showed that topical administration of anakinra three times a day for 14 days improves tear secretion in aire-deficient mice. Lissamine green staining also indicated that the viability of corneal epithelial cells improved with anakinra www.rheumatology.oxfordjournals.org treatment [55] . At the epigenetic level, microRNA (miR) 146a and 146b were found to be upregulated in peripheral mononuclear cells from patients with SS compared with healthy controls. As a result of miR-146a upregulation, TRAF6 was also overexpressed, as miR-146a regulates TRAF6 expression [56] . Since TRAF6 directly activates TAK1, perhaps TAK1 inhibition would also aid in treating SS. In a study by Zoukhri et al. the inhibition of JNK, one of the immediate downstream targets of TAK1 in the IL-1 signalling cascade, inhibited lacrimal gland secretion and tear production [57] . Recent approaches in identifying therapeutic targets for SS also point to the emerging role of IL-1, TLRs and the inflammasome, all of which rely on TAK1 in their signalling networks, to mediate catabolic events in disease pathogenesis. However, further studies are required to validate the role of TAK1 in this disease.
Inhibition of TAK1
Given the role of TAK1 in morphogenesis and developmental processes, TAK1 knockout using genetic models was found to be embryonically lethal [3, 58] . However, the overexpression of TAK1 in several autoimmune and autoinflammatory diseases has ignited research using conditional knockdown of TAK1 in understanding its role in the inflammatory response in the diseased states [7, 14, 33, 59] . In addition, the most common way of TAK1 inhibition so far studied is through the use of a small-molecule TAK1 inhibitor, 5Z-7-oxozeaenol. First discovered in fungi, this resorcyclic acid lactone-related compound has been shown to be an irreversible inhibitor of TAK1 [60, 61] . It inhibits inflammation when applied topically and in vitro in various cell lines. However, the studies using this molecule have been limited to primarily in vitro testing and there are currently no clinical trials in progress with this molecule [61] . In addition to this molecule, LYTAK1, developed by Eli Lilly, is the only known orally bioavailable TAK1 inhibitor. LYTAK1 has been shown to inhibit TAK1 by inhibiting Thr-187 phosphorylation in colorectal cancer cells. Interestingly, Zhou et al. [62] showed that the inhibition was effective only in KRAS-dependent colorectal cancer cell lines and not in KRAS-independent cell lines. Melisi et al. [63] also showed LYTAK1 reduces NF-kB activity in pancreatic cancer cell lines. The selectivity of LYTAK1 offers a therapeutic advantage in targeting KRAS-dependent cell lines. Despite in vitro success, LYTAK1 has not been tested for its efficacy in clinical trials.
Although there are no readily available TAK1 inhibitors, there are many in the making. For a more in-depth analysis regarding structure and development, we recommend a recent review by Kilty and Jones [64] . To summarize, TAK1's role in TNF-a signalling has resulted in a push by pharmaceutical companies to develop small molecule inhibitors of TAK1 for the treatment of cancer. Companies such as OSI Pharmaceuticals, Eli Lilly and Company and AstraZeneca have recently developed TAK1 inhibitors (Table 1) . Currently, none of these compounds have progressed to clinical trials for the testing of their efficacy in treating either cancer or chronic inflammatory diseases.
Future directions
Targeting TAK1 has revealed a molecular specificity issue. TAK1 is an ATP-kinase, which shares many structural properties with several other ATP-kinases. The challenge lies in designing inhibitors that are specific to TAK1. In addition to specificity, TAK1's central role in the inflammatory cascade poses an additional problem in clinical practice. Knocking out TAK1 is lethal, but inhibiting its overexpression may be beneficial in humans. Due to both the inherent toxicity of kinase inhibitors and TAK1's central role in inflammation, determining the most effective dose of TAK1 inhibitor may be difficult in practice. One possible solution to avoid such toxicity is to design reversible TAK1 inhibitors with better efficacy-to-toxicity ratio to elicit desired pharmacological effects while allowing immune defence mechanisms to utilize TAK1. In addition to the reversible inhibitors, compounds that target the required mechanisms for TAK1 activation should also be a focus for drug discovery and development. Finally, toxicity challenges may be overcame by improving delivery mechanisms. These points are also summarized in Fig. 2 .
One way of inhibiting TAK1 would be to inhibit the mechanisms that are required for activation. For instance, TNF-a and lipopolysaccharide (TLR4 agonist) stimulated cells require TAK1 ubiquitination at position lysine 34 (lysine linked) by K63 polyubiquitinated TRAF6. A study by Hamidi et al. [26] has shown that mutating the K34 site on TAK1 reduces polyubiquitination of TAK1, resulting in reduced NF-kB and IL-6 promoter activity. Rigel Pharmaceutics Inc. has identified the ubiquitin-conjugated enzymes that aid the K63 polyubiquitination of TRAF6 and has patented a ubiquitin ligase inhibitor that claims to inhibit TRAF6 polyubiquitination (patent WO2008115259) [66] . TAK1 activation also relies on a series of phosphorylation events. When stimulated by IL-1b, TAK1 is autophosphorylated at the Thr-184/187 sites that are located in TAK1's kinase domain [67] . Stimulation with TNF-a results in Thr-187 and Ser-192 phosphorylation [68] . Blocking phosphorylation of TAK1 at one or more of these sites may inhibit or reduce the cellular functions of TAK1 and potentially its downstream signalling events. Kajino et al. [69] have already shown that protein phosphatase 6 is capable of dephosphorylating Thr-187 of TAK1. Therefore, the possibility of generating additional phosphorylation inhibitors remains feasible.
Another potential way to inhibit TAK1 is by regulating its interaction with its binding partners. TAK1 activation requires the formation of a complex with TAB1/2, which is activated by TRAF6 [15] . Therefore, inhibiting the effective formation of the TAK1TAB1/2TRAF6 complex would markedly inhibit TAK1's activity and function. Some proteinprotein inhibitors have been generated to inhibit mouse double minute 2 homologue (MDM2)p53, hypoxia-inducible factor 1a and b-cateninTcf protein interactions [70] . On a similar note, a BakBcl-X proteinprotein interaction inhibitor has been shown to be effective in HEK293 cells [71] . In this regard, perhaps a small molecule could be designed to compete with TAB1/2 or TRAF6 in associating with TAK1 to limit TAK1's downstream responses.
In addition to designing competitive inhibitors to compete with TAK1 binding partners, small molecule TAK1 inhibitors should continue to be developed with the overall goal of increased specificity. One strategy of doing so is the development of type II kinase inhibitors, which bind the ATP-binding pocket and an adjacent hydrophobic binding pocket of ATP kinases. Unlike type I inhibitors that only bind the ATP binding pocket, type II inhibitors offer more specificity to target a specific kinase with the additional binding site. Tan et al. [72] has recently reported a type II TAK1 inhibitor. The hydrophobic pocket is characterized by the DFG motif, which is flipped in when bound to ATP. These TAK1 inhibitors, reported as NG25 and GCK, bind to both TAK1 and MAP4K2 with high affinity and specificity. Likewise, Singh et al. [36] have recently shown that epigallocatechin-3-gallate, a potent anti-inflammatory molecule found in green tea, binds to TAK1 at the same position as 5Z-7-oxozeaenol. However, EGCG forms hydrogen bonds with TAK1 instead of covalent bonds suggesting the reversible nature of binding. Additional small molecules like NG25, GCK and EGCG should be developed and tried against TAK1 to promote the development of a small molecule inhibitor to be used in the clinic for treatment of chronic inflammatory diseases.
Finally, kinase inhibitors pose a toxicity challenge because of their lack of specificity. One major reason for this is the structural similarity of kinases, making it difficult to target one kinase specifically. In order to address this, research should also investigate more specificity in delivery methods. Such a method could utilize nanotechnology in order to deliver inhibitors directly to the site where TAK1 inhibition would be therapeutically beneficial. For instance, TAK1 inhibition using siRNA has already been
FIG. 2 Possible mechanisms for TAK1 inhibition
Several studies suggest that the inhibition of TAK1 may be beneficial in the treatment of diseases characterized by chronic inflammation. The schematic diagram shows multiple mechanisms, besides inhibiting TAK1 itself, that can potentially be exploited to inhibit TAK1 activation to reduce inflammatory response. EGCG: epigallocatechin-3-gallate; LYTAK: TAK1 inhibitor from Eli Lilly Pharmaceuticals; TAB: TAK1-binding protein; TAK1: transforming growth factor b activated kinase 1; TRAF: TNF receptor-associated factor.
www.rheumatology.oxfordjournals.org shown to be effective in several models. However, one of the main issues with siRNA is its poor uptake into targeted cells. In this regard, Schiffelers et al. [73] have demonstrated the use of nanoparticles to deliver siRNA to human umbilical vein endothelial cells and inhibit VEGF receptor 2. Perhaps a similar delivery platform may be utilized to deliver TAK1 siRNA to the affected area such as the joint for the treatment of RA or gout.
Conclusion
Given the growing evidence for involvement of TAK1 in pro-inflammatory cytokine signalling networks, TAK1 inhibition may have a potential therapeutic benefit in the treatment of chronic inflammatory diseases. Future research in TAK1 inhibition should not only include the development of reversible small molecule inhibitors specific for TAK1, but also investigate the mechanisms of inhibition specific to TAK1 such as preventing it from forming activated complex with TRAF6 and TAB1. Finally, some novel ways of delivering TAK1 inhibitors should also be investigated to increase the bioavailability of the inhibitor and reduce toxicity.
